We obtain the quasinormal modes for tensor perturbations of Gauss-Bonnet black holes in d = 5, 7, 8 dimension using third order WKB formalism. The black hole in d = 6 is not considered because of the fact that it is unstable to tensor mode perturbations. For the uncharged Gauss-Bonnet black hole the real part of the frequency increases as the GaussBonnet coupling (α ′ ) increases. The imaginary part first decreases upto a certain value of α ′ and then increases with α ′ . It has also been shown that as α ′ → 0, the quasinormal mode frequency for tensor perturbation of the Schwarzschild black hole is obtained. We have also calculated the quasinormal spectrum of the charged Gauss-Bonnet black hole and has found that the real oscillation frequency increases as the charge of the black hole is increased and the damping rate, i.e. the imaginary part of the frequency falls down with the increase of the charge.
Introduction
Quasinormal Modes (QNM's) are of great relevance in discussing the perturbations of black holes [1, 2, 3, 4] . For a large class of black hole perturbations, the equations governing the perturbations can be cast into the Schrödinger like wave equation. For asymptotically flat space-times, the QNM's are solutions of the corresponding wave equation with complex frequencies which are purely ingoing at the horizon and purely outgoing at spatial infinity. The real part of the QN frequency represents the actual frequency of oscillation and the imaginary part represents the damping. QNM's associated with metric perturbations have been found to be a useful probe of the underlying space-time geometry [2, 4] . QN frequencies carry unique information about black hole parameters and they are expected to be detected in future gravitational wave detectors [5] . In addition, it has also been shown that quasinormal modes in Anti-de Sitter space-time appear naturally in the description of the corresponding dual conformal field theories living on the boundary [6] . In spite of their classical origin, it has also been proposed that QNM's might provide a glimpse into the quantum nature of the black hole [7, 8] .
A lot of studies were done on QNM's of black holes which arise out of the Einstein's theory of general relativity (see [1] for a complete list of references). Recently there has been a renewed interest in black holes arising from higher curvature corrections to Einstein-Hilbert action, partly due to new developments in string theory [9] . String theories give rise to effective models of gravity in higher dimensions in their low energy limit. These effective models of gravity involve higher powers of the Riemann curvature tensor in the action in addition to the usual Einstein-Hilbert term [10] . Among these higher powers of Riemann curvature, the Gauss-Bonnet combination is of interest [11] . The spherically symmetric neutral black hole solution in Gauss-Bonnet gravity was discovered by Boulware and Deser [12] as well as by Wheeler [13] and the charged Gauss-Bonnet black hole was discussed in detail by Wiltshire [14] . The Gauss-Bonnet black holes in the context of brane world models [15] were also subject of great interest. Entropy and related thermodynamic properties of Gauss-Bonnet black holes have been discussed in several papers [16] . Recently Gauss-Bonnet black holes have got much attention in the context of its production at the LHC also [17] .
For most geometries, the wave equation governing the QNM's is not exactly solvable. Various numerical schemes have been used in the literature to find the QN frequencies, which include direct integration of the wave equation in the frequency domain [18] , Pöschl-Teller approximation [19] , WKB method [20, 21, 22, 23] , phase integral method [25] and continued fraction method [26] .
QNM's of Gauss-Bonnet black holes were first discussed a long time ago [28] , where the scalar modes of the uncharged Gauss-Bonnet black hole for a few values of the Gauss-Bonnet coupling were evaluated in five and six dimension. Recently, in [29] the QNM's for scalar perturbations of neutral and charged Gauss-Bonnet black holes have been discussed. In a related work a thorough analysis of scalar perturbations in the background of Gauss-Bonnet, Gauss-Bonnet-de Sitter and Gauss-Bonnet-Anti-de Sitter black hole space-time were presented [30] . Using both numerical as well as a semi-analytic WKB approach it has been shown that the scalar field evolution is dependent on the cosmological constant and the Gauss-Bonnet coupling and late time behaviors were also discussed.
In this paper we shall discuss the QNM's for tensor perturbations of the neutral as well as the charged Gauss-Bonnet black holes in dimensions d = 5, 7 and 8 using a semi-analytic WKB approach [22] . The tensor mode perturbations of static spherically symmetric solutions of the Einstein equations with a Gauss-Bonnet term in dimension d > 4 were analyzed in [31] , where it has been shown that the evolution equations for the tensor mode perturbations can be cast in the Schrödinger-like form and an exact potential was obtained. The paper also shows that in dimension d = 6, the black holes are unstable. Considering this fact and the form of the potential in [31] , we obtain QN frequencies of the Gauss-Bonnet black holes for different multipole numbers l and different values of the Gauss-Bonnet coupling. We have found that the quasinormal behaviour for the tensorial perturbation is dependent on the Gauss-Bonnet coupling. We have also shown that the QN frequencies approach their Schwarzschild values for tensor perturbation when the Gauss-Bonnet coupling tends to zero. This paper is organized as follows: In Section 2 we shall briefly review the Gauss-Bonnet action and the tensor perturbation of the spherically symmetric Gauss-Bonnet space-time. The application of WKB analysis to find the QN frequencies of uncharged and charged Gauss-Bonnet black hole will be discussed in Section 3. Section 4 concludes the paper with some discussion of our results and an outlook.
Tensor perturbation of spherically symmetric Gauss-Bonnet spacetime and the Gauss-Bonnet black hole
In space-time dimensions d ≥ 5 the Einstein-Gauss-Bonnet action is given by
where G d is the d-dimensional Newton's constant and the parameter α ′ denotes the GaussBonnet coupling. We will choose G d = 1 from now on and will consider only positive α ′ which is consistent with the string expansion [12] .
We consider the metric in space-time dimension d [31] 
whereḡ ij dy i dy j is the line element of the unit (d−2)-dimensional sphere. Here, the latin indices i, j, k, .. and a bar is used to denote tensors and operators in S d−2 [31] . Considering the tensor perturbations g µν → g µν + h µν , and using the following ansatz:
h ij (t, r, y) = r 2 φ(r, t)h ij (y) and φ(r, t) = e ωt χ(r), (2.3)
one obtains the linearized Einstein-Gauss-Bonnet equations [31] 
where
Again introducing Φ(r) = χ(r)K(r), Eqn. (2.4) reduces to a second order ordinary differential equation [31] :
Where x is the "tortoise coordinate" defined by
, where r = ∞ corresponds to x = ∞ and the event horizon r = r h corresponds to x = −∞ and K(r) is defined as :
Now, the potential has the form [31]
with q(r) being given by:
where γ = −l(l + d − 3) + 2 and l = 2, 3, 4, · · · [32, 33] . It is important to mention that the results of Dotti and Gleiser readily reproduces the results of Einstein gravity in the α ′ = 0 limit, which was studied by Ishibashi and Kodama [34] .
Quasinormal modes of Gauss-Bonnet black hole using third order WKB approach
In this section we shall briefly review the WKB approach to find the quasinormal frequencies following [21] , which will subsequently be used to determine the QN frequencies of the Gauss-Bonnet black hole under tensorial perturbation. The WKB technique was first used by Schutz and Will [20] for calculating the quasinormal mode frequencies of black holes and later extended to third order beyond eikonal approximation by Iyer and Will [21] . This method was then carried to sixth order by Konoplya to determine the QN frequencies of d dimensional Schwarzschild black hole [23] .
The fundamental equations describing the perturbations of Gauss-Bonnet black hole reduce to a single second order ordinary differential equation given by (2.6), which is similar to the one dimensional Schrödinger equation for a particle encountering a potential barrier. Using (2.6) and (2.8)
where, the function −Q(x) = V − ω 2 rises to maximum at some value x = x 0 . Quasinormal mode of black holes is a solution of the differential equation with a complex frequency, satisfying the boundary conditions of purely in-going waves at the black hole event horizon and purely out-going waves at spatial infinity.
This basically represents the quantum mechanical analogue of scattering resonance with complex frequency, where ω 2 plays the role of energy and the two turning points divide the whole space in three regions [21] . In order to use the WKB approximation to find the QNM's, the master equation (3.2) is written in the form [21] , [24] 
where the perturbation parameter ǫ is introduced to keep track of orders in the WKB approximation. It may be mentioned here that the two exterior WKB solutions across both the turning points are matched with the interior solution by expanding the function Q(x) about its maxima at x = x 0 in a Taylor expansion upto and including terms of sixth order.
where z = x − x 0 . The equation (3.5) can then be written as
where,
Again introducing a new variable and rescaling the parameters b, c, d and f
The eqn (3.7) can be written as
The solution of the above equation are parabolic cylinder functions D γ (t) and D −γ−1 (it), if the terms proportional to the powers of ǫ were absent. Including those terms one looks for a solution of the form f (t)D γ [g(t)] [21] . An asymptotic approximation to the general interior solution is then obtained and the two WKB solutions are connected using it [21] . As a result, a connection formula relating the amplitude of incoming and outgoing solutions on either side of the potential barrier was obtained. The particular nature of the boundary conditions for black hole quasinormal modes leads to a constraint on the values of the coefficients of the Taylor expansion of Q(x), which leads to the simple condition for QNM's [21] :
Now, setting ǫ = 1 and substituting eqns. (3.8), (3.9) to the above equation finally gives the formula for complex quasinormal frequency: ) and Λ and Ω are given by
2 ) (3.13)
Here, the primes and the superscript (n) denote the appropriate numbers of derivatives of the potential V , evaluated at the maximum x 0 . i.e. V (n) 0
It may be mentioned here that the accuracy of the WKB method depends on the multipole number l and the overtone number n. It has been shown [27] that the WKB approach is a good one for low overtones (l > n), i.e. the numerical and the WKB results are in good agreement if l > n, but the WKB approach is not so good if l = n and l < n.
3a. Uncharged Gauss-Bonnet Black Hole
The metric for spherically symmetric asymptotically flat Gauss-Bonnet black hole solution of mass M is given by Eqn. (2.2), where f (r) has the form [12] f (r) = 1 + r
For α ′ > 0, this black hole admits only a single horizon [12] . The horizon r = r h is determined by the real positive solution of the equation
Now, using Eqns. (3.12), (3.13) and (2.8), we numerically evaluate the QNM's of this black hole. In Tables 1-3 we present the quasinormal frequencies for the uncharged Gauss-Bonnet black hole, where the metric is given by Eqn. (2.2) with f (r) being given by Eqn. (3.14) in d = 5, 7 and 8 for l = 2, 3 and 4. We have calculated the frequencies for fundamental overtone (n = 0), which will be dominating in a signal. Here the black hole in d = 6 is not considered because of the fact that it is unstable to tensor mode perturbations [31] . We are taking M = 1 from now. Note that in d = 5, the horizon is at r h = √ 2 − α. Thus for d = 5, black hole type solutions exist only for α < 2 and hence the corresponding entries in the table are kept empty.
The behavior of the real part of the quasinormal mode frequencies with the Gauss Bonnet coupling α in seven and eight dimensions respectively are shown in Figure 1 and 2. In Figure  3 and 4, we have plotted the behavior of imaginary part of the quasinormal frequency with the coupling α in seven and eight dimensions respectively. It is observed that the real part of the quasinormal mode frequency increases with α, i.e the real oscillation frequency increases as the Gauss-Bonnet coupling increases. But the imaginary part shows a different kind of behavior, the damping decreases as α is increased from some lower values until some minimum value and then the damping increases as we go to larger values of α.
In [29] , scalar perturbations of the Gauss-Bonnet black hole were considered and it was shown that the quasinormal modes have greater oscillation frequency and greater damping rate at large α, but at moderate α, the damping rate is decreasing until some minimum value and then begin to grow as a function of α and it has been mentioned that the tensor type gravitational potential and the scalar field potential coincide as in the case of higher dimensional black holes in Einstein gravity as was established in [34] . But it was shown by Dotti and Gleiser [31] that the tensor perturbations of the Einstein-Gauss-Bonnet black hole is completely different from that of the tensor perturbations of black holes in Einstein gravity and as the Gauss-Bonnet coupling α goes to zero, the results of Einstein gravity can be recovered. Here we have used the potential for tensor perturbations obtained by Dotti and Gleiser and derived the QN frequencies for tensor perturbations of the Gauss-Bonnet black holes. The qualitative behavior of real and imaginary part of QN frequencies for tensor perturbations with α that we have obtained, is similar to that obtained in [29] , where scalar perturbations were considered. If we compare our results with the results obtained in [29] for d = 7, and l = 2, then we find that the real and imaginary parts of the QN frequency are different and the difference increases as α is increased. For example, the real and imaginary parts of our result differs from [29] by 0.5% and 0.7% respectively for α = 0.1, but the difference is 9% and 1% respectively for α = 20.
Here, we have used third order WKB approximation to find the quasinormal frequency of the Gauss-Bonnet black hole. We were unable to use sixth order corrections to this formula because of the complicacy of the potential. As such there is not a very huge difference between third and sixth order result of QN frequencies for l > n [23] . In the case for l = 0, where the lowest overtone implies l = n, the WKB formula has a large amount of error when third order results are compared with the accurate numerical result for the Schwarzschild black hole, while the sixth order results almost matches with the numerical result [23] . But as we are considering tensor perturbations, where the lowest overtone implies l > n, we expect that the third order WKB treatment will be of good accuracy.
We have tested that indeed the Schwarzschild QN frequency for tensorial perturbations can be obtained if α tends to zero. Now, to see that the numerical value of the QN frequency of the Gauss-Bonnet black hole approaches the value of the quasinormal mode frequency of the Schwarzschild black hole, we first consider six sample modes (d = 5, l = 2, n = 0), found out from different small values of α, α = 1/100, 1/200, 1/300, 1/400, 1/500 as considered in [29] . Then we find the quadratic fit and get
So, we observe that the fit is approaching the fundamental (n = 0) and l = 2 quasinormal frequency for tensor type perturbation of the Schwarzschild black hole in five dimension, which is 1.0681 − 0.2529i [36] . It may be mentioned here that in [36] , sixth order WKB correction formula was used to determine the quasinormal frequencies, but due to the complicacy of the potential here we were forced to use third order WKB correction formula. Therefore we expect that one can get more exact value of the frequency from the fit if sixth order WKB correction formula is used.
3b. Charged Gauss-Bonnet Black Hole
The charged Gauss-Bonnet black hole has the following form of f (r) [14] :
if M > 0 and α > 0, then there will be a timelike singularity which will be shielded by two horizons if Q < Q ex . Here Q ex is the extremal value of the charge determined from [14] : 
For Q = Q ex , there is a single degenerate horizon at r = r ex . For the charged case, we find that the real part of the frequency is just increasing and the damping is decreasing as the charge of the black hole is increased. In Table 4 , we give the quasinormal frequencies of the charged Gauss-Bonnet black hole with the charge of the black hole (normalised by the extremal value of the charge) for α = 1, l = 2 and n = 0.
In Figure (5) and (6) the real and imaginary part of the quasinormal frequency is plotted as a function of Q/Q ex . This nature is also quite similar to that obtained by Konoplya [29] while discussing the scalar perturbation of the charged Gauss-Bonnet black hole.
Discussion
We have obtained the QN frequencies for tensor perturbations of the Gauss-Bonnet black hole in five, seven and eight dimensions using the tensor type gravitational potential derived in [31] which is completely different from the scalar field potential. We have shown that in the limit α → 0, one gets the QN frequency for the tensor type perturbations of the Schwarzschild black hole, which clearly indicates that when the Gauss-Bonnet coupling α goes to zero, results of Einstein gravity can be reproduced. The case for d = 6 is ruled out because of the fact that it is unstable to tensorial perturbations [31] . We observe that the real and imaginary part of the QN frequencies depend on the Gauss-Bonnet coupling α. The real oscillation frequency always increases with the increase of the Gauss-Bonnet coupling α. The damping decreases as we increase the Gauss-Bonnet coupling, but after reaching certain value of α the damping increases. Our result is in qualitative agreement with the results obtained in [29] for QN frequency for scalar perturbation of the Gauss-Bonnet black hole.
We have also discussed about the nature of QN frequency of the charged Gauss-Bonnet black hole. It has been found that the real part of the frequency increases and the imaginary part decreases with the increase of charge.
